While the chick is one of the widely used animal models for eye growth studies very little is known about its visual spatial resolution performance. Using optokinetic nystagmus responses as an indicator of stimulus visibility, we estimated the visual acuity of young chicks to be between 6.0 and 7.7 cycles deg − 1 at 2 and 4 days of age and slightly higher, between 7.7 and 8.6 cycle deg − 1 , at 8 days. Contrast sensitivity measured using the same experimental paradigm was greatest at around 1.2 cycle deg − 1 , for which the contrast threshold lay between 4% and 11%. Sensitivity became progressively poorer for frequencies both higher and lower than this. These data suggest that the visual performance of the chick is slightly poorer than that of the pigeon which has a similar eye size and exhibits similar foraging behaviour.
Introduction
While the chick is widely used as an animal model for eye growth studies [1] , little is known about its visual spatial resolution. Given that eye growth is believed to be visually guided this is particularly surprising. To date, there have been only three behavioural studies involving the measurement of visual acuity in the chick and there are discrepancies in the data reported therein. The highest acuity value of 7 cyc deg − 1 was reported in the earliest of these studies, by Johnson [2] , where a two-alley forced choice procedure was used to measure the visual acuity of two, 6 month old, gamecocks. The lowest value, of 1.5 cyc deg − 1 , comes from a study by Over and Moore [3] , who used a jumping stand protocol to measure the visual acuity of young chicks (1-25 days); performance was also found to be relatively consistent over this age range. Finally, DeMello et al. [4] , studied adult birds (exact age not given) using a two-way forced choice grating discrimination task and obtained a value of 4 -6 cyc deg
In our study, we measured the visual acuity of the chick using optokinetic nystagmus (OKN) responses as an indicator of stimulus visibility and we used the same paradigm to establish a contrast sensitivity function (i.e. sensitivity over a range of different spatial frequencies) for the chick. OKN has been observed in fish [5] , reptiles [6] , birds [7] , as well as mammals and primates [8] [9] [10] , and the pattern of response varies between species. More specifically, in the chick which has limited eye movements, head 'tracking movements' rather than eye movements predominate. In relation to the use of OKN as an indicator of spatial resolution, this concept is not new [11, 12] , and has been used to advantage for the measurement of visual acuity in human infants and a range of animals. Also for humans at least, data so obtained correlate well with subjective visual acuity data [13] .
One of our aims in undertaking the OKN study reported here, was to resolve the apparent discrepancies in the existing literature relating to the chick's visual acuity. We thus discuss the significance of our visual acuity data in relation to these other data. We also compare our visual acuity and contrast sensitivity data with those for the pigeon which might be expected to show similar values, given its similar eye size and foraging behaviour. The pigeon has also been more comprehensively studied.
Materials and methods

Animals
The subjects were eight, normal, male, White Leghorn-New Hampshire cross chicks which were reared from hatching in cages individually lit by overhead fluorescent lights (250 lux) set to a 12 h on/12 h off cycle. Food and water were provided ad libitum and the cage temperature kept at 30 o C. Experiments were conducted in accordance with the NIH Guide for the Care and Use of Laboratory Animals, NIH Publication No. 85-23 (revised 1985) and with the Australian code of practice for the care and use of animals for scientific purposes of the NHMRC.
Acuity and contrast sensiti6ity determination
The set-up used for these measurements is shown schematically in Fig. 1 . Stimuli were mounted on the inside of a 200 o rotatable arc of 50 cm radius and 50 cm height; the floor of the testing apparatus did not move. Stimuli were rotated at a speed of 1 rev min − 1 , with the direction of rotation being alternated every 20 s. To minimise the influence of extraneous visual cues, overhead lights were extinguished and the stimuli were locally illuminated. The stimuli were three high contrast (78%), vertical gratings of differing spatial frequency; the finest grating, for technical reasons, had a square wave profile while the other two had sine wave profiles. The contrast setting was the maximum achievable in the printing process. A luminance of 65 cd m − 2 was used for testing.
Chicks were restrained during measurements in a small, open topped container to which was attached a neck brace; the latter prevented the chicks from jumping out of the container while allowing relatively free (lateral) head movements. This system ensured that the chicks were always at a fixed distance from the stimulus. A blank collar fitted over the neck brace prevented the chicks from viewing either themselves or the floor. The responses of the chicks to each of the moving stimuli were observed 'by eye': the presence of head following (tracking) movements lasting at least 5 s during an individual trial was interpreted as evidence that the stimulus could be resolved. Each trial lasted 20 s and five trials were performed for each condition. Testing was carried out both monocularly, with an occluder covering the other eye, and binocularly. As there was no difference between these two sets of data, only the binocular data are presented.
For the measurement of visual acuity, testing commenced with the largest target at 35 cm corresponding to 0.12 cyc deg − 1 . This distance was either increased to 50 cm or the stimulus exchanged for a higher frequency one until an OKN response could no longer be elicited.
The finest grating was also tested at 45 cm. Thus the total range of spatial frequency steps covered was: 0.12, 0.17, 1.2, 1.7, 6.0, 7.7 and 8.6 cyc deg
Measurements were made at 2, 4 and 8 days after hatching.
Contrast sensitivity thresholds were determined using an approach similar to that just described. In this case, for each of the above spatial frequencies, contrast was reduced stepwise until no OKN responses could be elicited. This was achieved using Bangerter occlusion foils (Fresnel; Designs for Vision) which are available as a series of eight thin plastic filters designed to produce graded occlusion for amblyopia therapy; the filters were positioned immediately in front of the eye using velcro ring supports (Fig. 1A ).
Calibration of the bangerter occlusion foils
Two different methods were used to calibrate the Bangerter foils in relation to their effects on image Table 1 Bangerter occlusion foils, referenced by number code, for which the last positive and first negative optokinetic nystagmus responses were observed in young chicks Spatial-frequency (cyc deg
Not seen Not seen -Not seen -
The equivalent contrast limits are shown in brackets.
The effect on contrast of the Bangerter Foils is encoded in the numbering system: as the number decreases the effect on contract increases, i.e. the fileters labelled 1.0 and B0.1 have the least and the greatest effect on contrast respectively. The calculated contrast cut-offs corresponding to the filter numbers shown are given in brackets; these are spatial frequency dependent. The data corresponding to visual acuity limits are italicised.
contrast. In one case, the foils in combination with an external aperture of 4 cm diameter (set by the size of the foils), were placed, in turn, directly over a Micro Nikkor 105 mm lens fitted to a Panasonic WV BL-200 video camera and images of each of the three stimulus gratings, placed 50 cm (the same distance used for approximately 50% of the chick trials) from the camera were captured. Another set of images was captured without any filter. The images were downloaded for analysis to a Macintosh computer with image processing software installed (NIH Image 1.52) and from the grey scale plots (255 steps) thus generated, the maximum and minimum values were used to calculate the contrast of each image using the formula:
As the video system itself degraded the contrast of the finest grating target, values for this grating were corrected based on the photometrically determined contrast (78%) of this target. Equations describing the relationship between 'net contrast' and filter number for each of the gratings were used to convert chick threshold foil settings to contrast values.
As an alternative calibration procedure, each of the foils was placed in turn in the spectacle plane of a human observer and its contrast thresholds recorded at approximately the same spatial frequencies (0.2, 2.0, 8.5 cyc deg − 1 ); data were also obtained with no foil. The results so obtained indicated slightly greater degradation of contrast by the foils than suggested by the video technique. We present the more conservative data, based on the video technique, which may thus slightly under-estimate the contrast threshold for the chick.
Analysis of results
As both acuity and contrast sensitivity measurements involved stepwise changes in settings, data are generally presented as the settings demarcating the transition from 'seeing' to 'not seeing'. Also as some chicks showed considerable day-to-day variation in their responses, e.g. some simply failed to co-operate on some days, modes rather than means were used to represent group data. Non-parametric statistics were used to determine the statistical significance of (i) the spatial frequency dependence of the contrast thresholds (Kruskal-Wallis one-way ANOVA) and (ii) changes with age (Kruskal-Wallis one-way ANOVA and Friedman repeat measures ANOVA).
Results and discussion
We found the chick to have quite good visual acuity with only a slight improvement in performance over the age range studied (2-8 days). The relevant data are highlighted (italicised) in Table 1 which summarizes all data. Specifically, the 8 day old chicks responded to the finest grating when positioned at both 35 cm and 45 cm viewing distances and showed no OKN response for the same grating at 50 cm; this corresponds to a visual acuity of between 7.7 cyc deg − 1 and 8.6 cyc deg
. The younger chicks (days 2 and 4) had slightly poorer acuity, i.e. less than 7.7 cyc deg − 1 but better than 6.0 cyc deg
. The age differences in visual acuity were not significant (P= 0.01, Friedman).
The findings in relation to the spatial contrast sensitivity of the chick are represented as contrast sensitivity functions in Fig. 2 and Table 1 gives the data from which they were derived: for each of the spatial frequencies investigated, there are two numbers indicating the Bangerter occlusion foils for which the 'last positive' and 'first negative' OKN responses were observed. These number codes were converted into contrast thresholds, using derived calibration equations. The shape of the contrast sensitivity function of the chick was similar to that observed in humans under photopic conditions, in that, irrespective of their age, there was a mid-frequency peak, around 1.2 cyc deg − 1 , with sensitivity deteriorating progressively for frequencies both higher and lower than this. The frequency dependent differences in contrast threshold were statistically significant for all three age groups studied (day 2, PB 0.005; day 4, P B0.001; day 8, P B0.001; Kruskal-Wallis). While the shape of the chick contrast sensitivity function did not change with development (P=0.3679, Friedman), contrast sensitivity per se did improve slightly overall with development. This is reflected in the higher peak threshold values recorded for the 2 and 4 day old groups (greater than 11% in both cases) compared to that of the 8 day old group (between 4% and 11%). The significance of this age-related difference was confirmed statistically for the 0.17 cyc deg − 1 data (PB 0.01, Kruskal-Wallis); however, as measurements were not made at intermediary frequencies for all three ages, this analysis could not be undertaken for 0.12 and 1.2 cyc deg − 1 . No published contrast sensitivity data for the chick are available for comparison.
We undertook our study partly in an attempt to resolve the apparent discrepancy in the reported visual acuity values for the chick. Our estimates correspond closely with the 7 cyc deg − 1 value reported by Johnson [2] , are slightly higher than the acuity limits determined by DeMello et al. [4] , and are much greater than the 1.5 cyc deg − 1 value reported by Over and Moore [3] . Can we thus reasonably assume based on this comparison that the chick visual acuity is about 7 cyc deg − 1 ? In attempting to answer this question, a comparison of the experimental protocols used in each of the studies is warranted.
The current study made use of OKN which involved a midbrain pathway, i.e. projecting to the accessory optic system and the pretectum [14] , which, at least for humans and mammals, is reported to have a lower resolution capacity than cortical pathways [15 -17] . If a similar difference between midbrain and tectal pathways exists in chick, this would imply that our experimental paradigm under-estimated, rather than over-estimated the visual acuity of the chick. Thus, differences in experimental paradigms do not explain the discrepancy between our results and those reported previously.
The stimulus conditions used to measure visual acuity are also likely to influence the results obtained. Target luminance is perhaps the most important stimulus variable, and in the pigeon, best performance, as measured behaviourally, corresponds to a luminance range of between 300 and 1000 cd m − 2 [18] . Our study was conducted at a luminance of 65 cd m − 2 which is much lower than this but higher than the luminances used in all of the other studies on chickens which are 2 -20 times lower (39 cd m ). Nonetheless, all luminance levels are in the photopic range, and paradoxically, the highest luminance setting relates to the study by Over and Moore [3] , which reported the poorest performance.
DeMello et al. [4] suggest that some of their results may represent aliasing (or 'spurious resolution') effects. Aliasing occurs as a consequence of undersampling by the retina and can lead to better than expected performance for certain visual stimuli. This represents a particular problem with grating targets which were used in all four studies. The use of moving targets, as in our study, has the potential to improve image sampling and thus reduce aliasing, although the picture is complicated by the fact that the head and thus eyes were not stationary. Interestingly, peak ganglion cell density data for the chick retina [19] , which provide a measure of its sampling capacity, predicted a visual acuity of 12.9 cd, which is better than the acuity limit reported in this paper. Because anatomically derived visual acuities also tend to over-estimate peak acuity [20, 21] , the OKN and anatomical estimates, i.e. 7.7 and 12.9 cd respectively, could reasonably be taken as upper and lower limits for the functional acuity of the chick.
In relation to development, Hodos et al. [22] , have documented in pigeons, a progressive decrease in visual acuity from young adulthood and it may be expected that a similar decrease occurs in chicks. Both Johnson [2] and DeMello et al. [4] , used older birds and this may potentially have influenced their results. However differences in age can not explain the large discrepancy between our study and that of Over and Moore [3] , as the closest correspondence with respect to age exists here. Interestingly, Over and Moore [3] reported that the peak sensitivity to spatial detail occurred in chicks within 48 h of hatching and while our results vary in other respects, we likewise found only small improvements in visual acuity and spatial contrast sensitivity over the ages studied, i.e. 2 to 8 days. These results imply that not only is the retina of the chick well developed at hatching [23] , but that all ocular connections with central processing sites are also mature. The age range in the current study was selected to cover that commonly used in refractive error studies and is also where developmental changes are most expected, i.e. immediately post-hatch. The apparently early maturation of the visual system in the chick is also compatible with the concept of visually guided ocular growth regulation for which there is accumulating evidence, even in very young chicks [1, 24] .
As indicated in the introduction, much more is known about the visual performance of pigeon. It was also predicted, based on observed similarities between these two birds, that their visual acuities would be similar. Accordingly, because of their similar eye sizes, retinal magnification factors for chick and pigeon eyes are also very similar, i.e. 0. 15 [18, 27] ).
Visual acuity and spatial contrast sensitivity represent very different visual functions and thus a difference in the former between the chick and the pigeon does not necessarily predict a similar difference in the latter. In fact, the chick and pigeon proved to have very similar contrast sensitivity functions; we found performance to peak in the chick between 4% and 11%, compared to an equivalent value of about 7% for the pigeon [27] , and the location of the peak was also consistent across these species, at about 1 cyc deg − 1 [27] .
In introducing this study, we indicated that eye growth is believed to be visually guided and we later commented on the significance of the apparent visual maturity of young chicks in this context. However it is also of interest to speculate on the more general impli-cations of our results for models of emmetropization implicating retinal image contrast [28] and/or spatial frequency tuning [29] . In relation to spatial frequency tuning, it has been shown that interrupting form deprivation by short periods of normal vision each day inhibits form-deprivation myopia and furthermore, that substituting a spatial frequency of 0.806 cd for normal vision during this period was almost as effective [29] . Frequencies higher (4.0 cd) and lower (0.086 cd) than this were not as effective as inhibitory stimuli. If we can assume that these differences reflect the spatial frequency tuning characteristics of an underlying emmetropization mechanism, this implies a 'preference' for spatial frequencies close to the peak of the contrast sensitivity function (1.2 cd as reported here). Also in relation to form deprivation treatments, Bartmann and Schaeffel [28] , report an inverse relationship between the extent of contrast degradation and the refractive changes induced; our contrast sensitivity data predict a plateauing of this function once contrast levels drop below threshold, i.e. below 4 to 11%.
Finally, as an 'easy to apply' method for estimating visual spatial resolution performance, this OKN technique would seem under-exploited, with potential application, both within eye growth studies, for example, in assessing the visual effects of various drugs used to manipulate eye growth [30, 31] and outside them.
